This study focuses on the development of a lightweight, high-performance cementitious composite material reinforced with Poly(vinyl alcohol) (PVA) fiber. The material which contains Poly(vinyl butyral) (PVB) as the sole aggregate has a low average density of 1548 kg/m 3 and a compressive strength of about 40 MPa. The flexural strength, impact resistance, and fracture toughness are also evaluated and are found to be improved in comparison to those of lightweight concrete. The addition of PVA fiber further improves ductility, fracture toughness and impact resistance. The increase in fracture toughness was found to be linear with increasing fiber volume fraction. Comparisons are made with a lightweight concrete of equal density, and a normal-weight concrete. A model based on fiber bridging mechanics and the rule of mixtures is developed to characterize the fracture toughness, and a good correlation is obtained for the materials tested when experimental results are compared to those predicted by the model.
Introduction
It is well established that concrete is by far the most important construction material and that its application have become incredibly widespread in civil infrastructure and building construction. However, normal concrete has a number of disadvantages, such as brittleness and low strength in tension, i.e., relatively low tensile strength and poor resistance to crack opening and propagation, which accelerates rebar corrosion. Aside from the safety risks associated with the inadequate structural health of such frequently used structures, the improvement in concrete capabilities is clearly an economic issue of utmost national importance. Furthermore, the large dead load associated with conventional concrete produces large gravitational loads that may place severe demands on a structure during events such as earthquakes. As a result, relatively large section sizes are required in order to support the structure, which in turn result in increased vertical and lateral loads.
Concrete is a multiple-phase material and the overall mechanical properties not only depend on each phase, but also upon the interface between them. Prior study shows that the interfacial transition zone (ITZ) which is characterized by the prevalence of calcium hydroxide and higher porosity, is the weakest region in a cementitious material. Interactions that take place there control many important properties such as strength, permeability and durability [1] . Methods have been studied to improve the aggregate/matrix bonding in the ITZ, such as reducing the size of the aggregates [2, 3] , using basalt and quartzite as aggregates [4] , or replacing the cement by ultrafine additions such as silica fume and metakaolin [5] [6] [7] . However, these methods are limited, since they do not significantly increase the interactions between atoms and molecules. We do not know directly that the ITZ is affected except by implication: SEM and ettringite determination would be helpful.
In addition to the aggregate/matrix interface, fiber/matrix debonding by shear type of deformation and fiber sliding wear are dominant failure mechanisms [8] . Although, steel and glass have high tensile strength, both have lower bond strengths when added to concrete and mortars due to the poor bonding at the interface. Therefore, it is important to produce a cement-based composite in which the aggregate, the fiber, and the matrix all interact chemically.
Both PVB and PVA contain hydroxyl groups that have the potential to form hydrogen bonds between molecules, or within different parts of a single molecule. This special feature provides remarkable changes in the surface bond strength, not only between the aggregate and the matrix, but also between the fiber reinforcement, the matrix and the aggregates. Additionally, the ether oxygen functional group of the PVB acts as a weak base and can interact with lewis acids and electropositive materials such as C-S-H or magnesium.
Poly(vinyl butyral) (PVB) is a member of the class of poly(vinyl acetal) resins. The polymer contains up to 35 percent secondary hydroxyl groups, butryal ether rings, and a modest amount of residual acetates. The presence of acetate and relatively non polar rings provides a mixed hydrophilic-hydrophobic character. Another contribution is made by the certain amount of hydroxyl groups in PVB polymer which provides electrostatic attractive and hydrogen bonding interactions with other substances.
Poly(vinyl alcohol) (PVA) is used for the production of fibers used in textile and as concrete reinforcement. There are mainly two reasons for the PVA fiber to be considered as a good reinforcement material. One is the good mechanical properties of the fiber itself, such as high strength, high modulus and low gravity [9] . Another reason is its ability to bond well with a cementitious matrix. The formation of the associated microstructure has been attributed to the effect of PVA on the nucleation of CH and C-S-H at the fiber surface [10] . PVA fiber reinforced high performance cementitious materials have the potential to be used for external walls, radiation shielding walls, and in the construction industry as a high strength, high impact and light weight concrete.
This research is aimed at: (i) developing a lightweight high-performance cementitious material using Poly(vinyl butyral) (PVB) reinforced with PVA fiber; (ii) investigating the mechanical properties of PVB composite such as compressive strength, flexural strength, fracture toughness and impact resistance; (iii) developing a lightweight concrete and a normal weight concrete for comparison purposes; and (iv) developing a model to predict the behavior of fracture toughness.
Sample Preparation and Testing Methods
Mix Proportions. The water-to-cementitious material ratio of all groups is kept constant at 0.4. The fiber volume fractions V f are varied from 0 to 0.9% in each group. The length of the PVA fiber is 8mm and the length over diameter (l/d) is 200. For the normal weight concrete, the cement-to-sand ratio is 1:3. For the lightweight concrete, the density is about 1500 kg/m 3 , which is almost the same as the PVB composite mix. Mix proportions are listed in Table 1 .
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Testing Methods

(1) Compressive Test
The compressive strength is measured by testing 50×100 mm cylindrical specimens at a constant loading rate of 20 MPa/min. The test results are typically the average of at least 3 specimens.
(2) Flexural Test The flexural strength was obtained from four-point bending test on 38×38×305 mm plain PVB composite beams at a loading rate of 445 N/min, the corresponding stress increasing rate at the extreme fiber stress was 1.2 MPa/min.
(3) Fracture Toughness Test
According to ASTM E 399 [11] , the fracture toughness test is performed on single edge V-notch bend (SENB) specimens. The dimensions of the specimens used in this research were 23×46×203 mm with a notch height to beam height (a/W) ratio equal to 0.5. The free span to beam height ratio was 4 while the loading rate was 33 MPa-m 0.5 /min.
(4) Charpy Impact Test
The Charpy U-notch test refers to the ASTM E23 [12] , Standard Test Methods for Notched Bar Impact Testing of Metallic Material. The test was used to determine fracture energy. A Tinius Olsen "Change-O-Matic" impact testing machine was used in this test.
Results and Discussion
Compressive Strength ( Fig. 1 and 2) . The PVB composite, placed with no fiber, has an average compressive strength of 37.7 MPa with density about 1500 kg/m 3 and water to cementitious ratio of 0.4. Fig. 1 shows a comparison between the PVB composite and 1) a lightweight concrete (L) having a compressive strength of 13.4 MPa with the same density and water to cementitious ratio and 2) a normal weight concrete (N) having a compressive strength of 27.1 MPa with a density about 2500 kg/m 3 and same water to cementitious ratio. Compressive Failure of the Specimen with Fibers ( Fig. 3 and 4) . Compression failure of three types of concrete cylinders with fiber was observed while performing the ASTM C39 compression test. The failure mode of the PVB composite was much more ductile compared to the lightweight concrete and normal weight concrete, which were more brittle. The PVB composite cylinder failed under axial compressive load through lateral tensile expansion. This lateral expansion was partially restrained by the internal PVA fiber reinforcement, thus allowing for a more ductile failure than may be expected. When the load reached its peak value, the cracks propagated through the section and divided the specimen into two or more fragments. However, the fibers still linked the fragments and prevented them from separation and the separated parts stuck together under the residue load. Lightweight concrete and normal weight concrete made with the same fiber type and volume fraction showed a totally different failure manner. The lightweight concrete and normal weight concrete broke into small fragments. At the same time, the breaking process of the
76
Polymers in Concrete non PVB concretes was accompanied with a loud sound which indicated a sudden release of the strain energy. The PVB concrete fracture was not accompanied by a major acoustic signature. Fig. 3  and 4 show the failure pattern of the PVB composite reinforced with PVA. Compressive Stress Strain Behavior (Fig. 5) . From an experimental standpoint, gathering consistent, accurate data from the full range of compressive behavior response is very difficult. This fact is primarily due to the increasingly nonlinear behaviors that concrete tends to exhibit as the strain at the compressive strength is reached and surpassed. Even if the descending branch of the behavior is ignored as the compressive strength is approached, the observed straining behavior of the concrete becomes very dependent on the experimental loading and strain measurement techniques that have been used. The strain of PVB composite at failure was 0.0042, compared with the 0.0031 of lightweight concrete. And the compressive stress of PVB composite reached 42 MPa compared with the 15 MPa of lightweight concrete. This indicates that PVB composite has better deformation capacity and much higher elastic modulus than lightweight concrete, although they have the same density. Furthermore, the stress-strain curve of PVB composite tends to be nonlinear when reaching the yield strength, which is different from the lightweight concrete. This indicates PVB composite is more ductile. The stress-strain curve is shown in Fig. 5 . (Fig. 6) . The flexural load-deflection relationships determined with the four-point bending test are shown in Fig. 6 . The addition of fiber to the PVB composite material caused an increase in the ultimate flexural load and deflection. The PVB composite shows higher improvement in both ultimate flexural load and deflection than lightweight concrete by the addition of PVA fiber. Table 2 shows that PVB composite has a higher flexural toughness compared with the lightweight concrete. The higher flexural toughness in the PVB composite is contributed to the higher bond at the interface between PVB aggregate and cement matrix, as well as the interface between PVA fiber, cement matrix and PVB aggregate which does not exist in the regular lightweight concrete. The improvement in flexural strength is attributed to the reinforcing effect created by the PVA fibers. Remarkably, as the volume fraction of fibers increases, the load deflection curve becomes sigmoidal suggesting increasing plastic behavior of the material. This is in contradistinction to the load deflection curve of the lightweight material which undergoes sudden destructive brittle failure. Effect of PVA Fiber on Fractural Toughness (Fig. 7) . The fracture toughness of PVB composite specimens were 0.389, 0.528, 0.691 and 0.800 MPa-m 0.5 for fiber volume fractions of 0, 0.3, 0.6, and 0.9%, respectively. The fracture toughness increased with the fiber volume fraction. Compared with the fracture toughness of lightweight concrete and normal weight concrete placed with no fiber, the PVB composite has slightly higher fracture toughness. But the improvement of fracture toughness with the addition of PVA fiber is significant compared with the two groups at the same fiber volume fraction. It shows that in the PVB composite, there is higher bond strength at the interface between the fiber and the surrounding matrix. Fig. 7 shows that the increase in fracture toughness is linear with increasing fiber volume fraction. Effect of PVA Fiber on Impact Resistance (Fig. 8) . The results in Fig. 8 shows that the PVB composite has an average impact energy of 14.9 J, which is higher than the lightweight concrete of 9.8 J and the normal weight concrete of 11.5 J. The impact energy increases with the addition of the PVA fiber. Compared with the lightweight concrete and normal weight concrete, the improvement of impact energy is more significant in the PVB composite, which shows a nonlinear increase with the addition of fiber. The length of the chopped fiber used in this paper is less than its critical length. Energy is dissipated during the pull out process where the friction and sliding occurs between fiber and matrix. 
Effect of PVA Fibers on Flexural Load-Deflection Curves
Fracture Toughness Model
The resistance to fracture of a material is known as its fracture toughness. It can be considered as a stress-based estimation derived from a function of the applied force and a specimen's geometry. Linear elastic fracture mechanics (LEFM) may be employed but this method is valid only as long as nonlinear material deformation is confined to a small region surrounding the crack tip. There are other methods that can be used to estimate the fracture toughness, such as crack-tip-opening displacement (CTOD) and the J-integral formulation [13] . These methods are used to assess the elastic-plastic behavior of materials such as metals and alloys by considering crack-tip plasticity. But, because there is almost no plasticity developed in a brittle material such as concrete, a stress-based estimation of fracture toughness is developed herein. The formulation is based on a well known concept called the "rule of mixtures" [14] . Although, many models have been developed based on the rule of mixtures to calculate the tensile stress of fiber reinforced composites, little attention has been paid to models involving fracture toughness. Observations made in failed specimens revealed that many of the fibers remained intact, indicating that they pulled away from the matrix. Thus, it can be construed that failure occurs as a result of fiber pull-out, where the fiber length used in the mix design is less than the critical fiber length. Based on the rules of mixture and the tensile stress of composite material, the fracture toughness can be expressed as Eq.1 [15] ( )
Where W is the specimen thickness, a is a the notch length, B is the width of the specimen, S is the distance between the supports, P o is the failure load of a specimen placed without fiber, L f is the length of the fiber, d f is the diameter of the fiber, V f is the volume fraction of the fiber, g is the interface parameter, τ is fiber/matrix shear stress, and f(a/W) is the shape function calculated as follows Eq.2:
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Polymers in Concrete (2) Experimental vs. Analytical Results Fig. 9 shows the theoretical results obtained from these expressions along with the average values obtained from the tests. Fracture toughness of basalt, glass and steel fiber with different fiber aspect ratio and matrix materials are presented. The results show a good correlation with the test data. The fracture toughness of PVB cementitious composites compares favorably with literature values for other types of composites with differing fiber, matrix types, made from a geopolymer with basalt fiber [16] , a polyester polymer with glass [17] and concrete with steel [18] . The PVB material with fibers produced the greatest change in fracture toughness from baseline at the lowest fiber volume fraction. These results suggest that the interaction between matrix and fiber differs in this composite compared to the other composites and that the PVB/fiber interaction is highly efficient. 
Conclusion
Several conclusions can be drawn based on this study:
1. The PVB cementitious composite, placed with no fiber, has higher compressive strength, flexural strength, fracture toughness and impact resistance but lower density than the lightweight concrete and normal weight concrete with the same water to cementitious ratio. This implies that PVB, when used as an aggregate, bonds very well with the cement matrix. This is attributed to the fact that PVB contains hydroxyl groups which have the potential to form increased non-covalent interactions such as hydrogen bonds between the aggregate and the matrix. Additional effects on the cement matrix itself may occur through available ether group interactions which may alter the cement matrix structure or nucleation reaction. 2. Compared with the lightweight concrete and normal weight concrete, the addition of PVA fiber has a higher improvement on the flexural strength, fracture toughness and impact resistance when added to the PVB composite. With the addition of the same volume fraction Key Engineering Materials Vol. 466 of PVA, the flexural strength, fracture toughness and impact resistance of PVB is better than those properties associated with lightweight and normal weight concretes. This implies that the PVB composite has a higher bond at the fiber/matrix interface. 3. PVB composite has higher compressive strain and elastic modulus compared with lightweight concrete. And the failure model and stress-strain curve shows the PVB composite is more ductile. 4. These preliminary experiments suggest that the increase in fracture toughness was found to be linear with increasing fiber volume fraction whereas the increase associated with the impact resistance was non-linear. Significant improvement in both of these parameters indicates that chopped fibers can play important roles in resisting dynamic loads. Those conclusions are based on the chopped fiber of a length that is less than its critical length. 5. The fracture toughness model developed in this study showed a good correlation with the fracture toughness tests and the data from other references. However, more experimental data must be collected to further verify the model. 6. PVB/PVA fiber cementitious composites have almost twice the fracture toughness of regular fiber cement mortars despite having almost half the density.
